Choosing a valid and feasible method to measure child developmental outcomes is key to addressing developmental delays, which have been shown to be associated with high levels of unemployment, participation in crime, and teen pregnancies. However, measuring early childhood development (ECD) with multi-dimensional diagnostic tests such as the Bayley Scales of Infant and Toddler Development III (Bayley-III) can be time-consuming and expensive; therefore, parental screening tools such as the Ages and Stages Questionnaire (ASQ-3) are frequently an alternative measure of early childhood development in largescale research. The ASQ is also becoming more frequently used as the first step to identify children at risk for developmental delays before conducting a diagnostic test to confirm. However, the effectiveness of the ASQ-3 is uncertain. In this study, we evaluate the accuracy of the ASQ-3 as a screening measure for children at risk of developmental delay in rural China by age group. To do so, we administered the Bayley-III, widely considered to be the "gold standard" of ECD diagnostic tests, to a sample of 1,831 five to twenty-four monthold children and also administered the ASQ-3 to their caregivers. We then compared the outcomes of the ASQ-3 test to those of the Bayley-III. We find that the ASQ-3 was significantly though weakly correlated with the Bayley-III and that the strength of this correlation increased with child age and was stronger when the mother was the primary caregiver (as compared to the grandmother). We also find that the sensitivity and specificity of ASQ-3 ranged widely. The overall findings suggest that the ASQ-3 may not be a very accurate screening tool for identifying developmentally delayed children, especially for children under 13 months of age or children whose primary caregiver is not the mother.
Introduction
Development during the first two years of life is critical and has a lasting impact on a child's health and life-long development [1] . Investing in early childhood development is highly efficient due to the rapid brain development and brain malleability during the first years of life PLOS ONE | https://doi.org/10.1371/journal.pone.0221675 September 5, 2019 1 / 20 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 [2] . Children with healthy development have been shown to have high levels of educational attainment, employment, and earnings later on in life [2] [3] [4] [5] [6] , whereas poorly developed children tend to later have higher rates of unemployment, participation in crime, and teen pregnancies [4, 7, 8] .
Previous research has explored the extent of developmental delays around the world and whether evidence-based interventions targeted at underlying causes can effectively treat developmental delays. One study showed that an alarming forty-three percent (43%) of children under 5 years of age around the world do not develop to their full potential [9] . Overall, findings in both developed and developing countries show that poor nutrition, subpar health, and the lack of interactive parenting inputs are factors that are systematically linked with ECD delays [2, 5, 10] . In response, much scholarship has been dedicated toward exploring the design, implementation, and effectiveness of early interventions such as teaching caregivers how to provide better nutrition and increase interactive parenting investments [11] [12] [13] .
In order to administer interventions to address ECD issues, however, one needs to first identify the individuals and subpopulations that are particularly vulnerable and then measure their improvement (or deterioration) over the course of an intervention. Consequently, choosing a valid and feasible method to measure child developmental outcomes is key. As interventions are most effective in the first few years of a child's life [14] , there is an urgency to obtain measures of development for children under 3 years of age.
Several multi-dimensional diagnostic tests exist to assess the development of children across multiple aspects of development, such as cognitive skills and motor skills. Almost certainly considered by the field as the gold standard, the Bayley Scales of Infant Development (or the Bayley-III) is one of the most widespread scales used to measure developmental delays despite several drawbacks [15, 16] . The Bayley-III is an individually administered test that assesses the development of children and young children aged 0 to 42 months. Its primary purposes are to identify children with developmental delays and to provide information for intervention planning. However, administering the Bayley-III is time consuming and requires highly trained professionals working in controlled environments. In addition, the test kits and administration fees are expensive. The Bayley-III is also unavailable in some languages, and translating the test requires specialized knowledge of the local language and culture [17] .
In light of these disadvantages, scholars in the ECD field have made efforts to find feasible ways to replace or supplement the Bayley-III, including the use of parental screening tools. These tools acquire developmental information and assess development by asking caregivers to report different aspects of their child's behavior [18, 19] . The Ages and Stages Questionnaire (ASQ-3) is one of these parental screening tools. Developed in the United States, the ASQ-3 "identifies infants and toddlers between one month and 66 months of age who are at risk of a developmental delay regarding problem solving, communication, fine motor skills, gross motor skills, and personal social behavior" [18] . This type of monitoring instrument is cheaper, shorter in duration, and easier to administer than the Bayley-III.
When considering whether to use ASQ-3 as a screening tool for developmental issues in young children, one of the most important considerations is its validity. Although the concept of validity has evolved over time, it is universally accepted that validity is defined as the extent to which a concept is accurately measured in a quantitative study, which means that a valid test can convey the effect of variation in the attribute that it intends to measure [20, 21] . The most recent edition of the Standards for Educational and Psychological Testing considers validity to be based on the accumulation of evidence and theory [22] . One of the most common forms of evidence is relations between a test and other variables, which has been proposed as an appropriate method for assessing the validity of psychometric tests [21] . In our study, we refer to this as concurrent validity.
Previous studies have assessed the concurrent validity of the ASQ-3 as a screening tool by comparing its results against those of the aforementioned Bayley-III. Overall, the results of such studies have varied when using the Bayley-III as the standard for comparison. Some studies found relatively high and consistent validity of the ASQ-3 for all age groups [23, 24] . However, other studies found a relatively wide range of validity which inferred that ASQ-3 may not be valid enough under some circumstance [25, 26] .
In particular, some studies have found that the ASQ-3 is better able to assess children's development (meaning that it more closely corresponds with the Bayley-III) when children are older rather than when they are younger [17, 18, 27] . For example, one study conducted in the Netherlands found that the ASQ had better sensitivity (the rate at which a screening instrument correctly identifies a developmental delay) and better specificity (the rate at which a screening instrument correctly identifies children who perform within the normal range) among children between 18-42 months old than for those between 2-16 months old [8] . Another study conducted in Colombia found that the ASQ-3 performed poorly for children under 31 months old, with generally trivial and non-significant correlations with the Bayley-III between 6 and 18 months [17] .
In this paper, we examine this methodological question in the context of rural China, where there is a strong need for feasible assessment tools of developmental delays. Previous studies using Bayley-III in rural China have shown that in some villages and counties, a large portion of children are affected by developmental delays, reaching up to 48% [28, 29] . There is concern that if such high rates are generalizable to all of rural China, then universal (or more widespread) screening of children may be needed. In rural China alone, approximately 17 million children are born every year. As such, if it is the case that the ASQ-3 can effectively assess the development of Chinese children, the policy implications would be substantial.
There are two main reasons why the validity of the ASQ may be different in rural China as compared to other areas previously studied. First, research has shown that rural Chinese families do not engage in interactive parenting practices, and that this has an impact on the development of rural children [29] . This is markedly different from other countries, particularly developed countries [30] . That rural Chinese parents do not engage in interactive parenting practices suggests that they may have less knowledge of the developing skills of their own children. This is a potential problem for parent-reported questionnaires such as the ASQ, which are based on the idea that the parent knows his or her child best. Second, the caregiving structure in rural Chinese families is different from other areas. Because many parents leave their children in their rural homes and travel to cities for work, a significant portion of children are "left-behind children" who are raised by grandparents [31] . Grandparents may respond very differently from parents on the ASQ; however, there is no research on how differences in primary caregivers may impact the validity of the ASQ. Therefore, there is a need for studies to examine the ASQ in the context of rural China specifically.
The overall goal of this study is to provide evidence of the validity of the ASQ-3 as a screening measure for children at risk of developmental delay in rural China. Specifically, we have four objectives. First, we compare the statistical characteristics of the Bayley-III and the ASQ-3 by age group. Second, we examine the sensitivity and specificity of the ASQ-3 as compared to the Bayley-III. Third, we study the concurrent validity between Bayley-III and ASQ-3. Fourth, we examine validity of the ASQ-3 against external characteristics that have been identified in the literature as correlated with early childhood development outcomes.
To meet these objectives, we administered the Bayley-III to a sample of 1,831 5-24 monthold children and administered the ASQ-3 to their caregivers. We then summarized the statistical characteristics of Bayley-III and ASQ-3 and examined the sensitivity and specificity of the ASQ-3 against the Bayley-III. Next, in order to assess the concurrent validity, we computed Pearson correlations for the ASQ-3 and Bayley-III. Finally, we conducted an ordinary least squares (OLS) regression between each test and a set of external characteristics including maternal education, household wealth, play activities and play materials in the home. In addition, for each of these analyses, we divided our sample by the identity of the primary caregiver (mothers versus grandmothers) in order to compare the accuracy of the ASQ-3 by primary caregiver type.
Methods

Ethical approval
Ethical approval for this study was granted by the Stanford University Institutional Review Board (IRB) (Protocol ID 35921) and Sichuan Univesity Institutional Review Board (IRB) (Protocol ID 2013005-01). All subjects gave written informed consent in accordance with the Declaration of Helsinki.
Sample selection
Our study was conducted in 22 nationally-designated impoverished counties located in the Qinba mountain region beginning in November 2015. From each of these 22 counties, all townships (the administrative division between counties and villages) were selected to participate in the study. To ensure that we selected a typical rural sample, there were two exceptions to this rule: we excluded the township in each county that housed the county seat, which would typically be more prosperous than the other areas, and we excluded townships that did not have any villages with a population of 800 or more. After imposing these criteria, 115 townships were selected for the study.
We then selected the sample villages and children for this study. To meet the power requirements of a large, interventional study (not reported in this paper), we needed a minimum of five children in each township. With this requirement in mind, we first randomly selected one village from each township to participate. All children in our desired age range of 6-24 months were enrolled in the study. If a village had fewer than five children in our desired age range, we randomly selected an additional village in the same township for inclusion in the study and continued to randomly select additional villages until five children per township had been found. Overall, our study included 1,831 children in 118 villages across 115 townships in rural areas of the Qinba mountain region.
Data collection
The data presented in this study was collected in four survey waves: November 2015, April 2016, September 2016, and February 2017. In each survey wave, teams of trained enumerators collected two blocks of data. The first block collected socioeconomic information from all households participating in the study. Each toddler's primary caregiver was identified and administered a detailed survey on parental and household characteristics, including the child's gender, gestational age, birth weight, mother's age and education, father's education, and whether the family received Minimum Living Standard Guarantee Payments from the government (a poverty indicator and a form of government welfare for the lowest income families nationwide). The exact age of each child was obtained from his or her birth certificate. The primary caregiver (typically either the child's mother or grandmother) was identified in each family as the individual who is most responsible for the child's care.
In the second survey block, all children were administered two different scales to measure developmental outcomes: the Revised Version of the Bayley Scales of Infant Development and the third version of the Ages and Stages Questionnaire (ASQ-3). As mentioned above, the Bayley Scales is considered the gold standard for identifying developmental delay in young children. The first edition of the Bayley Scales (Bayley-I) was formally adapted to the Chinese language and environment in 1992 [32] . In this study, we used the third edition of the Bayley Scales (Bayley-III). This version of the test was translated into Chinese through a collaboration between Stanford REAP and Shanghai Jiao Tong University in 2015, and then translated back into English. Translators of the Bayley-III gave careful consideration to the cultural context of rural China when translating this test but did not make any significant changes to the content of the test. We also conducted a pilot test of the Bayley-III in rural China before the first survey wave to ensure cultural appropriateness.
The Bayley-III assesses six skillsets of child development: Cognitive, Receptive Language, Expressive Language, Fine Motor, Gross Motor and Social-emotional. The Bayley-III is modified from the original Bayley-I in two ways. The Bayley-III separates the original Mental Developmental Index (MDI) of the earlier versions of the Bayley scales into two distinct scales, Cognitive and Language [33] . The Cognitive Scale assesses play skills, information processing (attention to novelty, habituation, memory, and problem-solving), and counting and number skills. The Language Scale is comprised of Receptive Language and Expressive Language subtests used to assess communication skills, including language and gestures. Additionally, the Psychomotor Developmental Index (PDI) is adjusted into the Motor Scale in the Bayley-III, which is comprised of the Fine Motor subtest and Gross Motor subtests [33, 34] . In this study, we use the Cognitive, Receptive Language, Expressive Language, Fine Motor and Gross Motor scales to measure child development.
The test was administered in the home of each child using a set of standardized toys and a detailed scoring sheet. The Bayley-III takes into consideration each child's age in days, as well as whether he or she was born prematurely. These two factors, combined with the child's performance on a series of tasks using the standardized toy kits, contribute to the establishment of independent, internationally standardized scores. The primary caregiver was present to hold and comfort the child while trained enumerators conducted the Bayley-III test.
Postgraduates were recruited from different universities to be trained as Bayley-III enumerators. Most of the Bayley-III testers are in early childhood education-related majors, so as to interact well with children ages 5-24 months. All of the enumerators are native Chinese speakers, and most of the enumerators are also from Shaanxi province, so they can understand the local accent. Some of the enumerators had previously been trained to administer the Bayley-III; however, all enumerators (including those who had previously received training) underwent a formal week-long course in administering the Bayley-III. This included 2.5 days of practical training in the field.
The Bayley-III training strictly obeyed the Bayley Administration Manual and contained both theoretical training and practical training. The theoretical training included the administration and interpretation of comprehensive developmental assessments and principles of assessment procedures. The practical training took all enumerators to the field to administer Bayley-III tests to children of similar ages and backgrounds as those in our sample. The practical training tests were supervised by experienced experts to assess whether enumerators were able to establish and maintain rapport, elicit optimum performance, follow standardized administration procedures, understand psychometric statistics, score and interpret the test, and maintain test security. Base on the above aspects, the experts decided whether the enumerators were qualified to administer the Bayley-III test. Those who were deemed unqualified did not enumerate the Bayley-III tests conducted in our survey.
In addition to the Bayley-III test, all children were also given an alternative scale, the ASQ-3, of which we will be able to measure the relevant effectiveness by comparing it to the Bayley-III. The ASQ-3 is an age-specific, child developmental monitoring system designed for caregivers to assess their children's skills, covering all children from 1 month to 5 years of age. In our survey, the ASQ was administered by trained enumerators who interviewed the primary caregiver of each child. During the interview, the primary caregiver remained with the child and interacted with the child. If the caregiver was not sure how to answer a question, they were instructed to interact directly with the child to determine the appropriate answer.
The ASQ consists of 30 simple, straightforward questions regarding five skillsets of childhood development: communication, gross motor, fine motor, problem-solving, and personalsocial. The answer to each question is simple, as parents select from three possible responses: "yes," "sometimes," or "not yet". Caregivers are instructed to select "yes" if the child shows a specific behavior; "sometimes" if the particular behavior is occasional or new; or "not yet" if the topic refers to a behavior the child has not yet shown. "Yes" responses add 10 points, "sometimes" responses add 5 points, and "not yet" responses add 0 points. The status of the toddler's developmental progress can be obtained by comparing the scores of five domains with cutoff scores of the corresponding domain, obtained by empirical study. The ASQ divides children into a series of administration age windows. Each window includes one month on either side of the age interval (e.g., the 6-month age window includes children aged 5 months and 0 days to 6 months and 30 days).
The ASQ was administered by trained enumerators who interviewed the primary caregiver of each child. As with the Bayley-III, the enumerators of the ASQ were postgraduates recruited from different universities; all of the enumerators are native Chinese speakers, and most of the enumerators are from Shaanxi province. Most of the ASQ enumerators are from education or social work-related majors, in order to communicate well with rural caregivers.
All ASQ enumerators received a weeklong formal training in the administration of the ASQ. This training strictly followed the Ages and Stages Questionnaire Manual and included a 2.5 day field training in which enumerators conducted ASQ interviews with the caregivers of children of similar ages and bacgrounds to those in our sample. The field training was supervised by experts who evaluated whether the enumerators used the protocol and language of the ASQ-3 instrument to interview caregivers. The experts then determined whether enumerators were qualified to conduct the ASQ. Only those enumerators who were deemed qualified were permitted to conduct the ASQ in any of the four survey waves.
Enumerators followed all administration requirements for both the ASQ and Bayley-III. Based on these requirements, we used the child's chronological age to adjust scores This means that if the tested child was born prematurely and under 24 months old, we would adjust for the child's prematurity by subtracting the amount of prematurity from the child's age.
Statistical analysis
Our statistical analysis is comprised of six parts. First, we analyzed the characteristics of Bayley-III and ASQ-3. Then, we used Cronbach coefficients to interpret the internal consistency of these two instruments for each domain measured. Cronbach coeffecients are calculations of how closely related a set of items are as a group and are considered to be a measure of scale reliability. It is scored between 0 and 1; scores closer to 1 indicate greater internal consistency, meaning that we can have greater trust in this scale.
Second, we measure delays in each of the two instruments. In the instruction of Bayley-III, the cutoff points are (1) lower than mean by 1 SD and (2) lower than mean by 2 SD. In the instruction of ASQ-3, the cutoff points is lower than mean by 1.5-2.0 SD. In our study both the Bayley-III and the ASQ-3 use two criteria to define delay: (1) lower than the mean by 1 SD and (2) lower than the mean by 2 SD. Although the instruction of the ASQ-3 did not set the score lower than mean by 1 SD as a cut-off score, we still use it due to following reasons. First, 1 SD is a critical cutoff point for ASQ-3 since children whose scores below 1.0 SD by mean were recommended to get a diagnostic test [35] . Second, the 1 SD cut-off score corresponds to the Bayley-III cutoff scores, as Bayley-III uses 1 SD and 2 SD as cutoff points. Finally, although 1.5 SD, in addition to 2 SD, was recommended by the ASQ instructions, the 1.5 SD cutoff is not commonly used in the literature, while 1SD or 2 SD are generally more commonly used [18, 25, 26] . Based on the reasons listed above, we chose to use the 1 SD cut-off rather than the 1.5 SD cutoff. Since Bayley-III and ASQ-3 criteria specific to China are unavailable, we used the criteria for defining delays (Bayley-III) and risk of delays (ASQ) in American children.
Third, we measured the validity of the domains assessed by the ASQ-3. In order to examine the validity of every individual skillset of ASQ-3, we categorize the skillsets of both scales into three domains: cognitive development, language development and motor development. In our study, a domain refers to a general development ability measured by both scales. This is based on the principle that each test assesses the same or similar skillsets. Therefore, we categorize both the communication skillset in ASQ-3 and the language skillset in the Bayley-III into the language domain; we categorize gross motor and fine motor skillsets from both tests into the motor domain; and we categorize the problem-solving skillset in ASQ-3 and the cognitive skillset in the Bayley-III in the cognitive domain. We then calculated the proportion of children with delays in each specific developmental domain (e.g. cognitive development)
We then measured the sensitivity and specificity of the ASQ as compared to Bayley-III. Sensitivity measures the proportion of children who were identified as at risk for developmental delay according to the ASQ-3 and were identified as such by the Bayley-III. Specificity measures the proportion of children who were identified as normal by the ASQ-3 and did not show a delay on the Bayley-III. We measure sensitivity and specificity by examining what we refer to as true positives, false positives, true negatives and false negatives. True positives refer to the percentage of children identified by the Bayley-III as having a delay who were also identified by the ASQ 3 as being "at risk." False positives refer to the percentage of children identified by the Bayley-III as normal but who were identified by the ASQ 3 as being "at risk." True negatives refer to the percentage of children identified by the Bayley-III as normal who were also identified by the ASQ 3 as normal. Finally, false negatives refers to the percentage of children identified by the Bayley-III as having a delay but who were identified by the ASQ-3 as being normal.
In the literature to date, there is no agreed-upon cut-off for the percentage of true positives and true negatives that can be seen as sufficient to determine the accuracy of detecting developmental delays. In fact, few studies have set cut-off scores to determine the validity of psychometric tests. However, Steenis et al., (2015) used 70% as the cut-off of sensitivity and specificity to measure the validity of scales such as the ASQ-3 [18] . Following their methods, in this study, we also set 70% as the cut-off for determining validity, which means ASQ-3 can be seen as a good screening instrument if the values for sensitivity and specificity are 70% or higher.
In addition, we calculated the Pearson correlation between Bayley-III and ASQ-3 for each of the domains. Regarding the effect size of our Pearson correlation, estimates r (the strength of the correlation), we will use the general guidelines: if the absolute value of Pearson correlation is between 0.1 & 0.3, then we have small correlation, if the absolute value of Pearson correlation is between 0.3 & 0.5, then we have medium/moderate correlation, and if this value is above 0.5, then we have large/strong correlation. P-values of the correlations were calculated by bootstrapping methods, with 1,000 replications and clustering by socioeconomic factors, which was completed using principal component analysis scores (as known as PCA Scores) divided into three strata by the cut-off of 25% and 75% quantiles.
Finally, we calculated the correlations between the scores of these two tests and a set of variables shown to be related to child development. These included maternal education, family economic status, the variety of play activities, and play materials. Because all of these variables are recognized to be factors related to child development, this is one way to determine the similarity of the two tests in terms of how they identify developmental delays and can help us better understand the results of our other analyses.
All statistical analysis was performed using Stata 14.1 statistical software. When calculating the correlations of these two tests, we divided the samples into age cohorts of 5-12 months, 13-18 months, and 19-24 months. All correlations were Pearson correlations, and p-values below 0.05 were considered significant.
Results
The basic characteristics of our sample are displayed in Table 1 . As can be seen in the table, of the 1,831 children in this study, slightly over half (52%) were male-a ratio that reflects the overall gender imbalance in China [36] . Around 5% of the children in the study were born prematurely and 11% of households reported receiving Minimum Living Standard Guarantee Payments. For 25.1% of the children in our sample, the grandmother was identified as the primary caregiver; for the other 74.9% of children, the mother was most often the primary caregiver. Educational attainment was low: overall, the average maternal years of education was 9.2, and the average paternal years of education was 9.5.
Early childhood development in rural Shaanxi province: Results of the Bayley-III
Bayley-III and ASQ-3 measures were available for all 1,831 children. The mean scores (SD) of developmental outcomes of our sample children are presented in Table 2 . Mean composite scores of the Bayley-III were within the normal range, although standard deviations (SD) were low, further justifying the pertinence of the internal standardization. Mean ASQ scores in our data are less than the normal mean ASQ scores reported in the ASQ-3 Guide. This means that the development of the children in our sample is, overall, behind that of the US normal sample.
Comparison of the ASQ-3 and Bayley-III
Before presenting our main results, we first report the psychometric characteristics of the ASQ-3, including sensitivity and specificity (Table 3) . Overall, we find that the sensitivity and specificity of the ASQ-3 are 76.52% and 40.97%, respectively, by the 1SD cutoff as well as 66.54% and 62.79%, respectively, by the 2SD cutoff. Moreover, we find that more than two third of sensitivities and specificities are below the 70% of cut-off scores.
We also have several findings regarding specific trends. First, when the cut-off score is specified as less than 1SD, ASQ-3 has a higher sensitivity (the ability to correctly identify developmental delays) and lower specificity (the ability to correctly identify normal-range development) in comparison to the 2SD cut-off score. Second, the motor domain has a higher sensitivity than the cognitive and language domains, and the language domain has a higher specificity than the cognitive and motor domains, regardless of the cut-off score. Third, the specificity (but not sensitivity) increases with the age of children in our sample.
Next, we looked at the correlation between the ASQ-3 and Bayley-III scores (Table 4) , finding that in general the concurrence of the two tests increased with the age of the children. The ASQ-3 problem solving, communication, gross motor, and personal-social scales had similarly weak but significant correlations with the corresponding Bayley-III scales at 5-12 months. In this age group, however, the ASQ-3 fine motor scale did not significantly correlate with the Bayley-III scale. Concurrence was higher for the 13-18 month group across all scales, and in this group the correlation of the fine motor scales was significant. In the over 18 month age group, the correlations remained significant for all domains, although the coefficient decreased for the problem solving (cognitive) and gross motor scales.
From comparisons between different subgroups, we also found that the identity of the primary caregiver affects how well the ASQ-3 corresponds with the Bayley-III (Table 5 and  Table 6 ). When the grandmother is the primary caregiver, we found that the ASQ-3 scales consistently had weaker correlations with the Bayley-III than when the mother is the primary caregiver. For the 5-12 months age groups, the ASQ-3 problem solving, gross motor, and personal-social scale scores do not significantly predict the Bayley-III scale scores when the grandmother is the primary caregiver. However, when the primary caregiver is the mother, the ASQ-3 problem solving, gross motor, and personal-social scales are significantly correlated with the corresponding Bayley-III scales at 5-12 months. Table 7 (Table B in S1 Appendix) presents correlations between Bayley-III/ASQ-3 and factors related to child development. In the combined age groups, all of the Bayley-III scales were significantly correlated with play activities and play materials factors and cognitive, receptive language and expressive index of the Bayley-III showed significant correlations with maternal education when we controlled other charactieristics (such as, gender, prematurity, assets). All scales except for fine motor were also significantly correlated with the wealth index. Regarding the ASQ-3, all scales except for communication were not significantly correlated with maternal education, but all scales were significantly correlated with play activities, and play materials. We also found all scales showed a significant correlation with the wealth index when we controlled other charactieristics. When we use Bayley scaled scores, we see the same significant results (Table B in S1 Appendix).
Correlations with other variables
To check these results, we used the composite Bayley-III scores and the ASQ-3 scores computed using the original six-item questionnaires; we also divided the sample by different age groups. The results were not significantly different. (2) The cut-off scores of the first column are both for Bayley-III or ASQ 3 because we compared these two tools by using the same cut-off score (1 SD cut-off and 2 SD cut-off); (3) The delay of any part of the fine motor or the gross motor will be considered delay in the "motor" domain in the ASQ 3 part.
https://doi.org/10.1371/journal.pone.0221675.t003 
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Discussion
The goal of this study has been to examine whether the ASQ-3 is an accurate screening measure for children at risk of developmental delays in rural areas of China. We judged this by comparing results from the ASQ-3 with child performance on the Bayley-III, a large-scale diagnostic test considered the "gold standard" of early childhood development tests. To meet this goal, we collected unique data on 1,831 caregiver-child dyads in rural Shaanxi province. We then assessed the levels of development among the sample children using both ASQ-3 and Bayley-III scales. We found that the ASQ-3 was significantly though weakly correlated with the Bayley-III across all indices and that the strength of this correlation increased with age. Scores from the problem solving (or cognition), communication (or language), motor, and personal social (or social-emotional) domains of the ASQ-3 and Bayley-III were weakly though significantly correlated across all age groups. The fine motor scales of the ASQ-3 and Bayley-III were not significantly correlated in the 5-12 month age group and then showed weak but significant validity in the older age groups. In addition, we found that, across all scales, the concurrence generally had a direct relationship with children's age. These results reflect those of several studies mentioned earlier which found that the validity of the ASQ-3 improved (indicated by stronger correlations with the Bayley-III) as the age of sample children increased [17, 18, 27] .
When we compared the sensitivity and specificity of the ASQ-3 and Bayley-III-III, we found sensitivity values ranging from 17.7% to 81.3%. Most of the sensitivity values (16 out of 18) were below the 70% of cut-off, which indicates that most of the children who were identified as at risk for developmental delay according to the ASQ-3 were not identified as such by the Bayley-III. Specificity values also ranged widely, from 39.9% to 95.9%. Of these, although over half of the specificity values were greater than 70%, just under half (7 out of 18) were lower than the 70% cut-off score, which indicates that many children who were not identified as at risk for delay by the ASQ-3 did show a delay on the Bayley-III. These results are similar to Steenis et al. [18] , which also found wide-ranging sensitivity (7% to 77%) and specificity (53% to 99%) values. In addition, we discovered that the specificity values were generally higher for the older age-cohort than for the younger age-cohort children. These results differ somewhat from other studies [18, 27, 37] , which found that not only the sensitivity but also the specificity increased with toddler age. The differences between our findings may be due to differences between toddler age, sampling areas, or the criteria used to define delay. These results indicate that, overall, the ASQ-3 may be more accurate when used to test older-aged children, though there is still a statistically significant correlation between the two tests in the earliest age group of 5-12 months. In this way, these results reflect the conclusions of previous studies that also indicate the ASQ-3 shows the best potential as a screener of older children [18, 27] . However, these findings contrast with the findings of some previous researchers, in that in the youngest age groups the correlations between the two tests were significant overall, albeit weak. Rubio-Codina et al., for example, found that when the children are under 31 months, ASQ-3 was not significantly correlated with the Bayley-III across most indices [17] . This is perhaps due to variations in sampling.Ultimately, however, our findings lead us to agree with the conclusions of Rubio-Codina et al. (2016) , that the ASQ-3 may not be an accurate screening tool for identifying developmental delays in younger children.
This poor validity is concerning, as the ASQ-3 is becoming more and more commonly used in large survey studies [38, 39] . According to our findings, this entails that many children who are identified as developmentally delayed by the Bayley-III are not identified as such by the ASQ-3 (indicating poor sensitivity). This discrepancy might at least partially be explained by a mismatch between caregiver knowledge and toddler developmental level: as some caregivers might not spend much time with their children and/or be aware of the toddler's activities or abilities, they might not be able to accurately answer the questions in such surveys.
When comparing different subgroups, we found that administering the ASQ-3 to mothers may result in a higher correlation with the Bayley-III than when the test was administered to grandmothers (Tables 5 and 6 ). This finding is bolstered by a recent study conducted in rural China that showed that grandmothers who are primary caregivers are less engaged with children when compared to mothers who are primary caregivers [28] . This phenomenon does not seem to appear in studies that have been conducted in places outside of China [17] [18] [19] [25] [26] [27] [40] [41] [42] , however, suggesting that this trend is unique to rural China due to the increasing number of children left behind by their parents to stay with surrogate caregivers (most often grandmothers) as rural-urban migration continues to proliferate [43] .
Finally, regarding the correlations of the ASQ and Bayley-III with other variables, we find that both Bayley-III and ASQ-3 domains were all significantly correlated with play activities and play materials. However, whereas all domains of Bayley-III is significantly correlated with maternal education, all domains of the ASQ except for communication were not significantly correlated with maternal education. The correlation between maternal education and child development has been well established both theoretically and empirically [44] [45] [46] . That we found no significant correlations between the ASQ-3 and maternal education is not only inconsistent with the Bayley-III; it is also inconsistent with the early childhood development literature overall. This means that ASQ may not measure child development as comprehensively or as accurately as Bayley-III.
Taken together, these findings indicate that that the ASQ may not be able to measure the development of children with great consistency or accuracy as compared to the Bayley-III. One possible reason for this may be due to the caregiver reporting structure of the ASQ.
Primary caregivers may struggle to understand how their children are developing, leading to inaccurate responses. This may be in part due to lack of interactive parenting practices, leading parents to know less about their children's abilities. That mothers returned better results than grandmothers supports this hypothesis. Past research has found that grandmothers are less likely to engage in interactive parenting than mothers [47] , meaning they are less attuned to the development of the child. If this is the case, then one of the only ways to improve the sensitivity and specificity of the ASQ would be to increase interactive parenting among parents of young children in rural China. Future research should also use qualitative methods to understand how the ASQ can be better adapted to the context of families in rural China, which may help caregivers to give more accurate answers.
This study shows that the ASQ-3 may not be a viable supplement or replacement for the Bayley-III to test children, though it has certain advantages when compared with the Bayley-III and other tests. As compared with diagnostic ECD tests like the Bayley-III, we found that ASQ-3 has been shown to be both cost-effective and easily administered [48] . The ASQ-3 test is still one of the most feasible to administer because it is short, inexpensive, and requires little training. In addition, this is also one of the only multi-dimensional developmental tests that can be used in surveys, and in particular large-scale surveys. However, our results demonstrate that large-scale multi-dimensional diagnostic tests, such as the Bayley-III, are still the most valid and accurate, as argued by a number of other scholars [17, 26, 49] .
Study limitations and strengths
We acknowledge a few limitations to this study as well as several of its strengths. One limitation of the study is that we do not use longitudinal follow-up data to test the correlation between ASQ-3 and Bayley-III over time. Our research team is currently preparing one longterm survey to examine the concurrent validity annually. A second limitation is that we only examined the development of children up to 24 months, so we cannot judge the validity of the ASQ-3 among children older than two years. A third limitation is that the version of the Bayley-III and ASQ tests we use have not yet been administered to a healthy reference population in China. As such, we rely on reference populations from the United States for both tests [34, 50, 51] . Future studies should create norms for Chinese reference populations and reassess the concurrent validity of the ASQ-3 and the Bayley-III to confirm the findings of this study. Fourth, although the order of the Bayley-III test and the ASQ-3 test were random, there was a small share of primary caregivers who were administered the ASQ-3 after the Bayley-III was completed. In these cases, it is possible that test fatigue affected the quality of their responses to the ASQ-3. Finally, although we conduct several statistical tests to provide evidence on the validity of the ASQ-3, this may not be a sufficient accumulation of evidence to determine the validity of the ASQ-3 with confidence. Future research should consider how to test the correlation between the ASQ-3 and Bayley-III using longitudinal and randomized study data, so as to provide further evidence of the validity of ASQ-3.
The strengths of this study include its large sample size (1,831 children) and the fact that this is the first time that the validity of the ASQ-3 has ever been tested against the Bayley-III in China.
Conclusion
Overall, our findings suggest that there is a weak but significant relationship between ASQ-3 and Bayley-III. Specifically, ASQ-3 generally performed poorly on assessing the development of children under 13 months old. We also found that the sensitivity and specificity are widely distributed (17.7-95.9). Our study suggests that the ASQ-3 is better at screening older children than younger children for developmental delays. The ASQ-3 correctly identified the large majority of older children aged 19-24 months old who do not have a developmental delay according to the Bayley-III (indicating high specificity for older children), but it still was unable to correctly identify many of those children who did have developmental delays according to the Bayley-III, regardless of age (indicating low sensitivity overall). Finally, we found that the accuracy of the ASQ-3 depended on the identity of the caregiver in question. We found that the ASQ-3 corresponded more closely to the Bayley-III when the mother (as opposed to the toddler's grandmother) was identified as the primary caregiver.
All in all, measuring the development of young children is a challenging task. As discussed in the previous section, while our results indicate that the ASQ-3 cannot be used as a replacement for the Bayley-III, there are certain contexts in which the ASQ-3 could potentially at least be used in conjunction with the Bayley-III, depending on the domain in question and the age of the children.
To avoid the long-term negative consequences that poor early childhood ourcomes have on human capital development, China's government should be aware of the state of its nation's children and take steps to improve the early development of children in rural areas. One government agency that could take such an initiative is the Population and Family Planning Commission (PFPC), which has relatively easy access to villages in China. Following the end of China's One-Child policy, the PFPC is looking for a new institutional mission, and it has turned its attention to early childhood development [52] . The PFPC already has institutional reach and experience in conducting village outreach and survey tests using different tools by domain and child age. By implementing surveys of this nature, China can better help a large portion of its nation's youth develop to their full potential.
Supporting information S1 Appendix. 
